Is bottomonium suppression in proton-nucleus and nucleus-nucleus
  collisions at LHC energies due to the same effects? by Ferreiro, Elena G. & Lansberg, Jean-Philippe
Is bottomonium suppression in proton-nucleus and nucleus-nucleus collisions at LHC energies due
to the same effects?
E. G. Ferreiro
Laboratoire Leprince-Ringuet, Ecole polytechnique, CNRS/IN2P3, Universite´ Paris-Saclay, Palaiseau, France and
Departamento de Fı´sica de Partı´culas and IGFAE, Universidade de Santiago de Compostela, 15782 Santiago de Compostela, Spain
J.P. Lansberg
IPNO, Universite´ Paris-Saclay, Univ. Paris-Sud, CNRS/IN2P3, F-91406, Orsay, France
We show that we can reproduce all the features of bottomonium suppression in both proton-nucleus and
nucleus-nucleus collisions at LHC energies in a comover-interaction picture. For each collisions system, we
use the measured relative suppression of the excited Υ(2S) and Υ(3S) states to Υ(1S) by ATLAS and CMS to
parametrise the scattering cross sections of all S - and P-wave bottomonia with the comoving particles created
during the collisions. In addition to a single nonpertubative parameter, these cross sections depend on the
momentum distribution of these comovers which we found to be the same for proton-nucleus and nucleus-
nucleus collisions as well as for partonic and hadronic comovers. Moreover, we can also reproduce the absolute
suppresion rates measured by ALICE, ATLAS, CMS and LHCb when the nuclear modifications of the parton
densities are taken into account.
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Introduction. — By the end of the year 2013, following the
LHC pPb run at
√
sNN = 5 TeV, the CMS Collaboration prob-
ably reported the most unexpected observation of the LHC
heavy-ion programme: the excited Υ(2S) and Υ(3S) states
were experiencing more suppression than the lower Υ(1S)
state [1]. At low collision energies, such a relative suppression
would naturally follow from final-state interactions with the
remnants of the colliding lead nucleus. Yet, at LHC energies,
the produced bb¯ pair does not have the time to evolve into any
physical state when it escapes the nuclear matter contained in
the colliding nucleus. As such, one cannot invoke this mech-
anism to explain the relative suppression observed by CMS,
neither can one invoke initial-state effects such as the modifi-
cation of parton flux [2–6] or coherent energy loss [7], which
are known to have a similar impact on the different bottomo-
nia [8]. Very recently, the ATLAS collaboration confirmed [9]
the observation of these relative suppressions with very simi-
lar magnitudes.
Not only was this result totally unforeseen, but it casted se-
rious doubts on the conventional interpretation of the relative
suppression of bottomonium earlier observed by CMS in lead-
lead collisions [10, 11]: the excited Υ(2S) and Υ(3S) states
are larger, less tightly bound and thus suffer more from the
colour screening and related effects in the quark-gluon plasma
(QGP). Quantitatively, if the nuclear effects responsible for
the unexpected relative suppression in pPb collisions add up
linearly in PbPb collisions in each nucleus –or equally speak-
ing if they factorise– they are expected to be responsible for
half of the PbPb relative suppression [12]. If they were sub-
tracted, the QGP effects would thus be half of what they have
been so far believed to be.
In this work, we attempt to explain these relative suppres-
sion in pPb and PbPb collisions altogether by assuming that
the bottomonia are broken by collisions with comoving parti-
cles –i.e. particles with similar rapidities– and whose density
is directly connected to the particle-multiplicity measured at
that rapidity for the corresponding colliding system. In such a
scenario, an increase in the colliding energy has the opposite
effect than for the suppression by the nucleus remnants. In-
stead of decreasing because of color transparency, or because
the propagating pair can only interact in smaller amounts of
time, it increases because the number of produced particles
from a given pPb collision increases with energy. So does
the number of comoving particles along with the heavy-quark
pair. Another important feature of this assumption is that the
heavy-quark pairs have reached –in their rest frame– a phys-
ical state after a fraction of a femtometer. The Υ(1S), Υ(2S)
and Υ(3S) states then interact with very different probabilities
with these comoving particles, which provides a very natural
explanation for the observed relative suppression.
As aforementioned, nobody expected this observation and,
as for now, no other effect have been proposed to explain
it apart from suggesting the creation of a “hot” medium in
these high-energy proton-nucleus (pA) collisions. None of
the known “cold” nuclear-matter effects generate a relative
suppresion. It is thus in fact the ideal observable to fix the
comover-bottomonium cross sections, which are the only new
phenomenological quantities entering our study. Surprisingly,
the CIM has never been applied to the bottomonia.
We in fact go one step further by proposing an improved
version of the well-established comover interaction model
(CIM) [13–20], already successfully applied to explain a sim-
ilar unexpected suppression of excited charmonia [21]. In-
deed, instead of independently fixing the cross sections state
by state, we propose a generic formula for all the quarkonia
states and suggest a connection with the momentum distri-
bution of the comovers in the transverse plane, thus with an
effective temperature (Teff) of the comovers. With such an ap-
proach, we are able to propose a clear benchmark between pA
and AA collisions under the CIM paradigm.
As we shall see, the approach is particularly successful:
(i) the interaction strengths between the bottomonia and the
comovers needed to reproduce the pPb data follow a simple
pattern in terms of the size and the binding energy – both cal-
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2culable with a simple Schro¨dinger equation– of all the bot-
tomonium states, which renders our set-up predictive;
(ii) even more striking, the entire relative suppression ob-
served in PbPb collisions is accounted by scatterings with co-
movers with remarkably similar interaction strength as for the
pPb data;
(iii) the absolute magnitude of the Υ suppression in pPb and
PbPb collisions is also very well reproduced up to the uncer-
tainties in the nuclear modification of the gluon densities.
Overall, as we will show, all the LHC pPb and PbPb data
can be reproduced with merely two parameters.
The Comover Interaction Model. — Within this framework,
the quarkonia are suppressed by the interaction with the co-
moving medium, constituted by particles with similar rapidi-
ties. At a time τ, the rate equation that governs the density
of quarkonium at a given transverse coordinate s and rapid-
ity y for a collision of impact parameter b, ρΥ(b, s, y), obeys
the expression
τ
dρΥ
dτ
(b, s, y) = −σco−Υ ρco(b, s, y) ρΥ(b, s, y) , (1)
where σco−Υ is the cross section of bottomonium dissocia-
tion due to interactions with the comoving medium charac-
terized by transverse density ρco(b, s, y) at τi. By integrating
this equation from τi to τ f , one obtains the survival probabil-
ity S co
Υ
(b, s, y) of a Υ interacting with comovers: S co
Υ
(b, s, y) =
exp
{
−σco−Υ ρco(b, s, y) ln
(
ρco(b, s, y)/ρpp(y)
)}
, where the ar-
gument of the logarithm comes from τ f /τi converted in ratios
of densities where we assumed that the interaction stops at τ f
when the densities have diluted, reaching the value of the pp
density at the same energy and rapidity, ρpp.
In order to compute S co
Υ
, the comover density, ρco, is
mandatory. It is directly obtained from the particle multiplic-
ity measured at the rapidity y for the corresponding colliding
system.
For pA collisions, it is most natural to take the medium as
made of pions. Nevertheless, we will show later that the na-
ture of this medium –partonic or hadronic– does not change
our results which is one of the important findings of our study.
As can be seen from Eq. (1), the main ingredient driving
the abundance of a given bottomonium is its interaction cross
section with the comovers, σco−Υ. In our previous works on
charmonia, these were obtained from fits to low-energy AA
data [14], σco−J/ψ = 0.65 mb and σco−ψ(2S) = 6 mb. Such
–purely phenomenological– cross sections in fact would re-
sult from the convolution of the comover momentum distri-
bution in the transverse plane and the momentum-dependent
comover-quarkonium cross section. As such they may slightly
depend on the collision energy via a change of the comover
momentum distribution. Yet, these values were successfully
applied at higher energies to reproduce [21] J/ψ and ψ(2S)
pA data at RHIC and the LHC as well as AA data accounting
for the recombination of charm quarks [19, 20].
One can not follow the same approach for Υ(nS ) since no
AA relative-suppression bottomonium data exist at low ener-
gies and, in fact, the CIM was never applied to bottomonia
before. In addition, the bottomonium family is richer with at
least 6 phenomelogical cross sections to be considered in a full
computation. We have adopted another strategy by going to a
slightly more microscopic level accounting for the momentum
distribution of the comover-quarkonium cross section and that
of the comovers in the transverse plane. This in fact allowed
us to reduce the degrees of freedom of our modeling to the
introduction of essentially 2 parameters, yet applicable to the
entire bottomonium family and allowing us to investigate the
nature the comovers (gluons or pions). To do so we assumed
that:
(i) the thresholds approximately follow from the mass differ-
ences between the quarkonium and the lightest open beauty
hadron pair, taking into account the comover mass;
(ii) away from the threshold, the cross section should scale
like the geometrical cross section σQgeo ' pir2Q, where rQ the
quarkonium Bohr radius. It can be evaluated by solving the
Schro¨dinger equation with a well-choosen potential reproduc-
ing the quarkonium spectroscopy [22].
Our parametrization of the energy dependence thus simply
amounts to interpolating from σco−Q(Eco) = 0 at threshold up
to σco−Q(Eco) = σQgeo away from threshold but with the same
dependence for all the states. It reads σco−Q(Eco) = σQgeo(1 −
EQthr/E
co)n where EQthr corresponds to the threshold energy to
break the quarkonium bound state and Eco =
√
p2 + m2co is
the energy of the comover in the quarkonium rest frame. The
first parameter of our modeling, n, characterizes how quick
the cross section approaches the geometrical cross section.
Attempts to compute this energy dependence, using the mul-
tipole expansion in perturbative QCD at LO [22–24], would
suggest that n is close to 4 for pion comovers by making the
strong assumption that the scattering is initiated by gluons in-
side these pions. Hadronic models which take into account
non-perturbative effects and thus most likely provide a better
description of the physics at work [27] show a different energy
dependence. It effectively corresponds to smaller n [25]. As
such, we will consider n varying from 0.5 to 2. In fact, the
discrepancies existing between the aforementioned LO QCD
results and these hadronic calculations are partly due to large
higher order correction near the threshold [26].
As for the momentum distribution of the comovers in the
transverse plane, we simply take a Bose-Einstein distribution
P(Eco; Teff) ∝ 1/(eEco/Teff −1) which introduces our second pa-
rameters, namely an effective temperature of these comovers.
Our fits will thus simply amount to determine the best value
Teff for fixed values of n in the aforementioned ranges.
Fitting the data.— In order to proceed with the fit, it is
mandatory to take into account the feed-down contributions.
In fact, the observed Υ(nS) yields contain contributions from
decays of heavier bottomonium states and, thus, the mea-
sured suppression can be affected by the dissociation of these
states. This feed-down contribution to the Υ(1S) state is usu-
ally asumed to be on the order of 50%, according to the CDF
measurements at pT > 8 GeV [28]. However, following the
LHCb data extending to lower pT [29], this assumption needs
to be revisited, in particular for pT -integrated results. In such
a case, the feed-down fractions for the Υ(1S) are rather: 70%
of direct Υ(1S), 8% from Υ(2S) decay, 1% from Υ(3S), 15%
3from χb(1P), 5% from χb(2P) and 1% from χb(3P), while for
the Υ(2S) the different contributions would be: 63% direct
Υ(2S), 4% of Υ(3S), 30% of χb(2P) and 3% of χb(3P) [30].
Note also that for the Υ(3S), 40% of the contribution is ex-
pected from decays of χb(3P). However, in this case, the mea-
surement was done for pT > 20 GeV. These fractions remain
partly extrapolated resulting in possible additional uncertain-
ties to be taken into account. We have thus varied the feed-
down fractions for two limiting cases : 80% of direct Υ(1S)
and 50% of direct Υ(3S), 60% of direct Υ(1S) and 70% of di-
rect Υ(3S), leaving the other ones unchanged. This however
does induce changes which are not significant in view of the
current experimental uncertainties.
As announced, we performed our fit on relative –minimum
bias– nuclear suppression factors. For pPb collisions, we have
used the CMS [1] and ATLAS [9] data. For PbPb collisions,
we have used the CMS data at 2.76 TeV [11] and at 5.02
TeV [31]. For both these pPb and PbPb cases, we performed
the fit of Teff for different values of n with both gluon or pion
comovers. Our results are depicted on Fig. 1. The resulting
uncertainty on Teff is from the experimental uncertainty. Up to
this uncertainty, all the combinations yield to the same couple
(n,Teff) with Teff in the range 200 to 300 MeV for our assumed
range for n. Our fits are equally good with χ2d.o.f. ranging, for
pPb data, from 1.0 to 1.4 and, for PbPb data, from 1.4 to 2.0.
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FIG. 1: Fitted Teff considering pion (triangles) or gluon (circles)
comovers from our fits to pPb (empty blue) and PbPb (filled red)
data for different n from 0.5 to 2. [The points have been horizontally
shifted for readibility.]
Thus, we are confronted to the following quasi equiproba-
ble possibilities:
Case I: The medium is of hadronic nature in pPb collisions,
while it is gluonic in PbPb collisions.
Case II: Both in pPb and PbPb collisions, the medium is made
of hadrons, i.e. the comovers can be identified with pions.
Case III: Both in pPb and PbPb collisions, the medium is
made of partons, i.e. the comovers can be identified with glu-
ons.
Case IV: The medium is of gluonic nature in pPb collisions,
while it is hadronic in PbPb collisions.
Case I is the most common expectation. The relevant d.o.f.
are hadrons in pPb collisions where the QGP is not produced
whereas the gluons become relevant in the hotter PbPb envi-
ronment with the presence of QGP. Case II is the usual inter-
pretation of historical CIM studies for which the gluon d.o.f.
do not appear to be relevant. At SPS energies, it is a reason-
able assumption. At the LHC, it is more thought-provoking,
yet compatible with the observed bottomonium suppression
at the LHC. It can also be understood in the sense that the
melting temperature of the Υ(1S) and Υ(2S) is too high to
be observed and the Υ(3S ) is fragile enough to be entirely
broken by hadrons. Case III amounts to say that gluons are
the relevant d.o.f. to account for bottomonium suppression in
both pPb and in PbPb collisions. One could thus say that a
QGP-like medium is formed following pPb collisions at LHC
energies. Case IV is admittedly an unexpected situation.
In what follows, our results will be shown for n = 1 and
Teff = 250 ± 50 MeV. As what regards the Υ-comover cross
sections, for an exponent n = 1 and taking into account the
uncertainty in the temperature, Teff = 250 ± 50 MeV, we have
from σco−Υ(1S) = 0.02+0.020−0.010 mb for the most tightly bound
state Υ(1S), compatible with no suppression of direct Υ(1S),
to σco−χb(3P) = 12.55+1.53−1.88 mb for the loosely bound χb(3P)
states in the hadronic case. Looking at these cross sections
allows us to better understand the small impact of considering
gluon or pion comovers. In fact, the mass effects only mat-
ter for χb(3P) states altering their interaction cross section by
25% which however does not induce visibly different suppres-
sion effects. Indeed, for such large cross sections, the obtained
suppression is already maximal for minimum bias collisions.
Relative nuclear modification factors.— The resulting rela-
tive nuclear modification factors of the excited bottomonium
states to their ground state in pPb collisions at 5.02 TeV are
presented in Table I and compared to the CMS [1] and ATLAS
[9] experimental data. We note that the central values of the
data tend to indicate a slightly stronger suppression that our
results. We however recall that so far no other model could
explain this relative suppression in pPb collisions.
TABLE I: Υ pPb at 5.02 TeV
CIM Exp
−1.93 < y < 1.93 CMS data
Υ(2S)/Υ(1S) 0.91 ± 0.03 0.83 ± 0.05 (stat.) ± 0.05 (syst.)
Υ(3S)/Υ(1S) 0.72 ± 0.02 0.71 ± 0.08 (stat.) ± 0.09 (syst.)
−2.0 < y < 1.5 ATLAS data
Υ(2S)/Υ(1S) 0.90 ± 0.03 0.76 ± 0.07 (stat.) ± 0.05 (syst.)
Υ(3S)/Υ(1S) 0.71 ± 0.02 0.64 ± 0.14 (stat.) ± 0.06 (syst.)
In PbPb collisions, besides the minimum-bias values which
we used in our fits, CMS reported on the centrality de-
pendence of the relative suppression of Υ(nS) at 2.76 and
5.02 TeV [11, 31]. Fig. 2 shows our results along with the
CMS points. The agreement is very good at 2.76 TeV, a bit
less for Υ(2S)/Υ(1S) at 5.02 TeV.
Absolute nuclear modification factors.— Having fixed the
parameters of our approach with the relative suppression mea-
surements, we can now address the absolute suppression of
each measured states. However, when addressing the abso-
lute Υ suppression, other nuclear effects, which cancel in the
double ratio of the excited-to-ground state suppression, do
not cancel anymore. At LHC energies, the main one seems
to be [32] the nuclear modification of the Parton Distribution
Function (PDFs). It is easily accounted for by using available
global nPDF fits with uncertainties [2, 4, 5, 33]. In particular,
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FIG. 2: The double ratio for Υ(2S) over Υ(1S) at 2.76 and 5.02 TeV and Υ(3S) over Υ(1S) at 5.02 TeV as a function of Npart obtained from
CIM compared to the CMS data at 2.76 TeV [11] and 5.02 TeV [31]. The dashed line depicts the uncertainty from the fit of σco−Υ.
we used nCTEQ15 which describes very well the suppression
of open charm in pPb collisions at the LHC [32]. We also note
that the central value of the nCTEQ15 fit is compatible with
the one of EPS09LO [5] previously used in [21].
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FIG. 3: The RΥ(1S )pPb vs rapidity compared to LHC data [9, 34, 35].
The uncertainty from the σco−Υ fit (dashed line) and from nCTEQ15
shadowing (dotted line along with the colored band) are shown sep-
arately.
Let us first start with the Υ(1S) case in pPb collisions.
Fig. 3 shows the nuclear modification factor RΥ(1S )pPb vs rapid-
ity at
√
s = 5.02 TeV compared to available experimental
data [9, 34, 35] from ALICE, ATLAS and LHCb. The agree-
ment is overall very good and the additional effect of the CIM
is to damp down the antishadowing peak in the backward
rapidity region which brings the theory closer to the central
value of ALICE.
We then compare our results with PbPb data whose cen-
trality dependence has also been measured. To address this
dependence, we parameterized the impact-parameter depen-
dence of the nPDF as in [21]. Our results for the 3 Υ states at
2.76 (5.02) TeV are shown in Fig. 4 up (down) and compared
to the CMS data [36, 37]. A good agreement is obtained in
the 3 cases with the same parameters used to reproduce the
relative suppression.
Conclusions.— In this work, we have addressed the puzzle
of the relative suppression of the excited bottomonium states
as compared to their ground state in pPb collisions. In the
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FIG. 4: RΥ(nS )PbPb vs Npart compared to the CMS data at 2.76 TeV [36]
and 5.02 TeV [37]. The uncertainty from the fit of σco−Υ (dashed
line) and from the nCTEQ15 shadowing (dotted line) are shown sep-
arately.
absence of any other explanation, we have assumed that the
reinteraction with comovers explains it all. This motivated
us to revisit the CIM and to propose a generic formula for
all the bottomonium states interpolating from the absence of
interaction at threshold up to the geometrical one for increas-
ing comover-quarkonium relative momenta in the transverse
plane. Taking into account the momentum distribution of the
comovers with a Bose-Einstein distribution, we could further
study the impact of considering either massive pion or mass-
less gluon comovers and investigate an effective temperature
of the comovers as probed by the quarkonia. This allowed
us to fit the CMS and ATLAS pPb double ratios with only 2
5parameters accounting for all the comover-bottomonium in-
teraction cross sections. With the same setup, an independent
fit of the corresponding PbPb CMS data yielded similar fit
parameter values, thus hinting at a similar momentum distri-
bution of these comovers in the environment created by pA
and AA collisions. This is admittedly an unexpected and very
interesting observations.
We further backed up our investigations by noting that our
approach correctly predicted the absolute Υ suppression in
both pPb and PbPb collisions when combined with nCTEQ15
shadowing without the need to invoke any other phenomena.
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